In this study we investigated the chemical-physical properties of mixtures containing the protic ionic liquid (PIL) N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR H4 TFSI), propylene carbonate (PC) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in view of their use as electrolytes for lithium-ion batteries (LIBs). We showed that these electrolytic solutions might display conductivity and viscosity comparable to those of conventional electrolytes. Depending on the amount of PIL present inside the mixtures, such mixtures might also display the ability to suppress the anodic dissolution of Al.
Introduction
Lithium-ion batteries (LIBs) are nowadays considered one of the most important electrochemical storage devices. [1] [2] [3] [4] [5] LIBs are used in portable electronics and they have been proposed for electric vehicles, aerospace applications or delocalized energy storage. [1] [2] [3] [4] [5] In commercially available LIBs usually an electrolyte based on organic carbonates (e.g. ethylene carbonate (EC), diethyl carbonate (DEC)) with a lithium salt is used. This class of electrolytes features good conductivities and thus the capability to be used in high power devices. However, as organic solvents are volatile and highly flammable, their use is limiting the safety of LIBs. 2 Therefore, in the last few years many efforts have been dedicated to the development of alternative electrolytes.
Ionic liquids (ILs) are presently considered as one of the most interesting class of alternative electrolytes for the realization of safer LIBs. [6] [7] [8] ILs typically display large electrochemical stability, high thermal stability and, moreover, they offer the advantage of non-volatility and thereby non-flammability. 6, 7, [9] [10] [11] [12] In the past years, a large number of studies have been dedicated to IL-based LIBs, demonstrating that the use of these electrolytes might increase the safety of LIBs. 7, 12 Nevertheless, IL-based LIBs are still not able to match the performance of LIBs containing conventional electrolytes, especially during tests in which high current densities are applied. As a matter of fact, under these conditions the rather high viscosity and the relatively low mobility of the lithium ions of IL-based electrolytes, compared to those of conventional electrolytes, limit the performance of LIBs. 10, 13, 14 Furthermore, ILs are rather expensive. For these reasons, to date no IL-based LIBs have been commercialized.
In the past years almost all studies dedicated to IL-based electrolytes considered aprotic ionic liquids (AILs). However, we recently showed that protic ionic liquids (PILs) can also be successfully introduced as electrolytes for LIBs. [15] [16] [17] [18] [19] One very interesting feature of PIL-based electrolytes is that the lithium ion coordination in these electrolytic solutions is typically lower than that of AIL-based electrolytes. 20 As a consequence of this different coordination, the environment of the lithium ions in AILs and PILs is very different. 20 We showed that the use of PILbased electrolytes produces a much higher performance, particularly during test at high current densities, compared to the ''traditional'' AILs. Taking into account that the limited performance at a high rate of IL-based LIBs is presently considered as one of the main limitations of these devices, the use of PIL-based electrolytes can be therefore regarded as a new and promising strategy to overcome this drawback. Additionally, since PILs are typically cheaper than AILs, the introduction of these innovative electrolytes could also be of importance for the development of safer and cheaper IL-based LIBs.
The use of mixtures of AILs and organic solvents, e.g. propylene carbonate (PC), is becoming a popular strategy for the realization of advanced IL-based electrolytes. 7, [21] [22] [23] [24] [25] [26] [27] The main advantage related to the use of these mixtures is the possibility to tune their properties by changing the ratio of IL/organic solvent [28] [29] [30] and it has been shown that their use might allow the realization of high performance LIBs. 23, 24, 26, 30 So far, almost all studies dedicated to these mixtures have been made using AILs. To the best of our knowledge, only few reports described the physicochemical properties of mixtures of PIL and PC 16, 31 and the use of these mixtures as electrolytes for LIBs has been only marginally considered. Nevertheless, considering the promising results obtained with pure PIL-based electrolytes, the investigation of such mixtures could be of high interest for the development of advanced IL-based electrolytes suitable for high power applications.
In this study we considered several mixtures containing the PIL N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR H4 TFSI), PC and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI). Initially, several chemical-physical properties, including conductivity, viscosity and thermal stability of the prepared mixtures, were investigated. As the anodic dissolution of Al in PIL-based electrolytes has not been investigated so far, this aspect has also been considered. Afterward, the lithium coordination of these electrolytes was studied using Raman spectroscopy with the aim to understand the impact of the solvent on the lithium environment of the PIL-based electrolyte. Finally, the electrochemical performance of lithium iron phosphate (LFP) electrodes in the considered mixtures was investigated with particular regard to the performance at high current density.
Experimental section

Electrolyte preparation
The pyrrolidinium-based PIL N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR H4 TFSI) was synthesized following a procedure similar to that described elsewhere. 32 As there is no data available in the literature, this new compound has been characterized via NMR: 1 H-NMR (CDCl 3 ): d = 0.93-0.97 (t, 3H, CH3); 1.34-1.43 (m, 2H, CH2); 1.66-1.74 (m, 2H, CH2); 2.05-2.18 (m, 4H, CH2); 2.96-3.05 (m, 2H, CH2); 3.09-3.15 (m, 2H, CH2); 3.68-3.75 (m, 2H, CH2); 7.48 (s, 1H, NH) ppm. 13 19 F-NMR (CDCl 3 ): d = À78.88 ppm. 1-Butylpyrrolidine (Aldrich, 498%) was distilled directly before use. HCl (30%, Merck Suprapur s ) and LiTFSI (3 M) were used as received. At the end of the synthesis, the obtained PIL was dried under vacuum at 60 1C. Propylene carbonate (PC, UBE) was used without further purification. The water contents of the PIL and PC were measured using coulometric Karl-Fischer titration, and were found to be lower than 10 ppm. Three different mixtures of PYR H4 TFSI, PC and LiTFSI were considered. Additionally, also electrolytes containing only PC and LiTFSI and only PYR H4 TFSI and LiTFSI were investigated. The compositions, in terms of weight fraction as well as molar fraction, of all 5 investigated electrolytes are reported in Table 1. In the same table are indicated also the acronyms used for each electrolyte in this work. All electrolytes were prepared in an argon-filled glove box with oxygen and water contents lower than 1 ppm.
Ionic conductivity, viscosity and thermal stability
The conductivity and the viscosity of the prepared mixtures were determined as reported in ref. 29 . VTF parameters have been calculated using the following two equations. Eqn (1) shows the VTF-equation for the conductivity, eqn (2) for the viscosity. The estimated maximum error for the reported viscosities and conductivities values is lower than 5%.
Thermogravimetric analysis of the electrolytes was carried out using a procedure reported in ref. 33 
Raman spectroscopy
Raman spectra of all mixtures were recorded and analyzed as indicated in ref. 20.
Electrochemical characterization
All the electrochemical tests were carried out with 3-electrode Swagelok s type cells. The cells were assembled in an argon-filled glove box with oxygen and water contents lower than 1 ppm. Electrochemical stability windows (ESW) were determined by linear sweep voltammetry (LSV) as reported in the literature. 34 All measurements were carried out using a silver wire as reference. The anodic dissolution of Al was investigated using a VMP multichannel potentiostatic-galvanostatic system (Biologic Science Instrument, France). As a working electrode, discs of 12 mm diameter cut out of aluminum foil (30 mm, rinsed with purified water and ethanol, then vacuum dried) were used. The tests were carried out at 30 1C and the temperature was controlled using a Binder MK 53 climatic chamber. The potential at the working electrode was swept linearly from OCP to 2.0 V vs. Ag at a scan rate of 5 mV s À1 . Then a CV was carried out using the cut-off potentials of 0.3 V vs. Ag and 2.0 V vs. Ag with the same scan rate for 100 cycles. Lithium iron phosphate (LFP) composite electrodes were prepared as in ref. 34 . The composition of the dry electrodes was 85 wt% of the active material LFP, 10 wt% of conductive agent Super C65 s and 5 wt% of sodium carboxymethyl cellulose (CMC) as the binder. The electrode mass loading was 1.5 mg cm À2 ; the electrode area was 1.13 cm 2 . LFP-based electrodes were used as working electrodes, a silver wire was used as a pseudo-reference electrode and an oversized activated carbon-based electrode was used as a counter electrode. As a separator, a Whatman GF/D glass microfiber filter (675 mm thickness) drenched with 200 mL of electrolyte was used. All the electrochemical measurements were carried out using a MACCOR Series 4000 battery tester. Constant current cycling (CC) was carried out at 30 1C using current densities ranging from 1 C to 20 C taking into account the theoretical capacity of LFP of 170 mA h g À1 when cycled between 2.8 and 4.2 V vs. Li/Li + .
Results and discussion
3.1. Conductivity and viscosity Fig. 1a compares the conductivities of all investigated electrolytes in the temperature range between À40 1C and 80 1C. For the electrolytes containing high amounts of ionic liquid the conductivity is just reported for temperatures above 20 1C (H4_100) and À10 1C (H4_80) as below these temperatures the electrolytes become solid. As shown in the figure, the conductivity of the pure PC-based electrolyte is higher than that of the electrolyte containing only PYR H4 TFSI over the whole range of investigated temperatures. Nevertheless, with increasing temperature the conductivity of this latter electrolyte rises faster than the one of the former, and at 80 1C their conductivities become rather similar (8.29 vs. 8.56 mS cm À1 for H4_100 and H4_0, respectively). Among all investigated electrolytes, H4_50 and H4_20 display the highest conductivity over the considered range of temperatures. Fig. 1b shows an Arrhenius plot of the electrolyte conductivities. As visible, none of the electrolytes follow an Arrhenius-like behavior. However, the temperature dependence of the conductivity of all electrolytes could be well described by the Vogel-Tammann-Fulcher (VTF) model. Such behavior has been already reported in the literature for various IL-based electrolytes and therefore is not surprising. Table 2 reports the VTF fitting parameters for the conductivity. The viscosity of the considered electrolytes is shown in Fig. 1c . As expected, the electrolyte H4_100 is the most viscous while the H4_0 has the lowest viscosity. All the electrolytes containing mixtures of PYR H4 TFSI and PC display a viscosity dependent on the amount of PC and in the range between the two non-mixed electrolytes. The viscosity of the considered electrolytes is shown in Fig. 1c . As expected, the electrolyte H4_100 is the most viscous while the H4_0 has the lowest viscosity. All the electrolytes containing mixtures of PYR H4 TFSI and PC display a viscosity dependent on the amount of PC and in the range between the two non-mixed electrolytes. PC was chosen as the solvent because of its low melting point of À48.8 1C, 35 but due to the relatively high melting point of the pure PIL, it was not possible to measure some of the electrolytes down to a temperature of À40 1C.
As visible in the figure, at higher temperature the viscosity of the investigated electrolytes became more similar. As for the conductivity, the temperature dependence of the viscosity also does not follow an Arrhenius-like behavior but it could be well described by the VTF model ( Fig. 1d ). The VTF fitting parameters for the viscosities are reported in Table 2 . Fig. 2 shows a comparison of the conductivity and viscosity of all investigated electrolytes at 30 1C. At this temperature the conductivities of pure PC-based and the pure PIL-based electrolytes are 5.15 and 1.83 mS cm À1 , respectively. The maximum conductivity (7.23 mS cm À1 ) is displayed by the electrolyte H4_20, which contains 20 wt% of PYR H4 TFSI. Nevertheless, 
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it is interesting to notice that the conductivity of this electrolytes is only slightly higher than the conductivity of the electrolyte H4_50, (7.16 mS cm À1 ), which contains 50 wt% of PYR H4 TFSI. As displayed in the figure, an inverse correlation between conductivity and viscosity cannot be observed. As indicated before, the viscosity simply decreases with increasing PC content while the conductivity reaches a maximum. Such behavior has been already reported for mixtures of AILs, e.g. containing N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR 14 TFSI), and PC. 18, 19, 29, 30 Taking into account these results it appears that the behavior of dry PIL (as those used for this investigation) in combination with an organic solvent is rather comparable to that of AILs. Fig. 3a compares the thermal stability of all investigated electrolytes. As expected, the pure PIL-based electrolyte displays the highest thermal stability and it starts to decompose at about 300 1C. 19 Upon PC addition, the stability of the electrolytes decreases with increasing PC content. The reason for this behavior is obviously related to the evaporation of the PC, which has a boiling point of 242 1C. 35 As shown, the electrolyte H4_0 displays a residual weight above 250 1C. This residual mass originates due to the presence of LiTFSI inside the electrolytic solution, which has been shown to decompose above 250 1C. 34 From the figure, it appears that the PC evaporation temperatures shift toward higher values in electrolytes with high PIL content. Such shift has been already reported in the literature for mixtures of PC and AILs. 30 Nevertheless, it is important to notice that several studies showed that in the case of these mixtures such a shift is not originated by an interaction between the solvent and the AILs, but it rather indicates a reduction of the kinetic of the PC evaporation process. 30, 33 In order to investigate this latter point more in detail, isothermal TGA experiments have also been carried out. In the first experiment (Fig. 3b ), the temperature was increased stepwise from 25 1C to 150 1C and at each step the temperature was kept constant for 2 hours. As shown, during this test substantial weight losses have been recorded at temperature well below those observed during the first TGA experiment. During each isothermal step a weight loss was observed, but the biggest occurred during the step at 100 1C. A similar trend was also observed in mixtures containing the AIL PYR 14 TFSI and PC. 30 Nevertheless, it is interesting to notice that in the case of these mixtures the biggest weight loss was observed at a temperature of 75 1C. 30 In the second isothermal TGA experiment (Fig. 3c) , the investigated electrolytes were kept at a temperature of 60 1C for 24 hours. As shown, during this experiment in all electrolytes containing PC this solvent volatilizes well before its boiling point. In contrast, the PIL does not evaporate. Taking into account these results, it is reasonable to suppose that in mixtures of PYR H4 TFSI and PC a weak interaction between ions and solvents is occurring and the volatility of PC is not altered by the presence of the PIL. Nevertheless, a reduction of the kinetic of the PC evaporation process is clearly observed and the higher is the content of PIL inside the electrolytes, the more significant appears such a reduction. The same type of behavior has been observed for several mixtures of PC and AILs. 33 As already mentioned in the literature, even if no strong interaction between ILs and PC takes place in these mixtures, the reduction of the kinetic of the solvent evaporation might represent an advantage in the case of cell overheating. 30, 33 3.3. Electrochemical stability windows and anodic dissolution of aluminum Fig. 4 compares the electrochemical stability windows (ESWs) of the investigated electrolytes at 30 1C. All electrolytes contain the TFSI À anion and their anodic stability, which is limited by the decomposition of this ion, is therefore very comparable. 36 In contrast, the cathodic stability of the electrolyte appears very different. As a matter of fact, while the stability of the electrolyte containing only PC is limited by the lithium plating process, 30, 34 those of the electrolytes containing the PIL are limited by the deprotonation of the cation PYR H4 + . 32 As a consequence of these different cathodic stabilities, the electrolytes containing only PC display an overall ESW of ca. 2 V larger than those of the mixtures. Although the ESWs of electrolytes containing the PIL appear significantly lower than that of the PC-based electrolytes, their use in combination with cathodic materials, e.g. LFP, appears possible. All electrolytes investigated in this study contain only TFSI À as the anion. In the past, it was widely reported that electrolytic solutions containing this anion dissolved in organic solvents, e.g. PC, do not display the ability to prevent the anodic dissolution of Al, which is used as a current collector for battery electrodes. 37, 38 Therefore, when these electrolytes are used in LIBs corrosion processes might occur, reducing the life of the devices. 39, 40 Nevertheless, it has been shown that TFSI-based AILs display the ability to suppress the anodic dissolution of Al. [41] [42] [43] Such ability is originated by the low solubility of the Al-TFSI complexes formed on the Al surface, which makes possible the formation of a stable protective passivation layer and prevent the aluminium dissolution process. 44 Furthermore, in recent studies we also showed that mixtures of TFSI-based AILs and PC might display the ability to suppress the anodic dissolution of Al. 34 Such ability, however, strongly depends on the amount of IL present inside the mixtures and the higher is the AIL content, the stronger is the ability to prevent the anodic dissolution process.
Thermal stability
To the best of our knowledge, the anodic dissolution of Al in TFSI-based PIL has not been considered in the past. Taking into account the influence that such a process might have on the cycle life of LIBs, we therefore investigated this aspect. Fig. 5 compares the SEM images of Al foil as obtained after CV experiments (the test conditions are reported in the experimental section) carried out on the 5 electrolytes investigated in this work. As shown in the figure, in the electrolyte containing only PC a massive dissolution process occurred (as expected). However, upon addition of PYR H4 TFSI into the electrolyte such a process becomes less intense and in the case of the electrolytes containing only PIL no signs of anodic dissolution are visible in the Al foil. These results clearly indicate that also in the case of TFSI-based PILs, as for AILs, the anodic dissolution is suppressed. Moreover, they also indicate that a mixture of PIL and PC might display this ability. As shown, in the electrolyte containing 50% of PYR H4 TFSI no holes on the surface of the Al foil are visible and only superficial modification of the Al surface seems to take place. In the electrolyte containing 80% of PYR H4 TFSI the surface appears almost clean. Table 3 reports the charge densities recorded at the end of the CV experiments for each electrolyte. The values in the table are also graphically reported in Fig. 5 . These values clearly indicate that the addition of PYR H4 TFSI on PC based electrolytes has the ability to reduce the entity of the dissolution process orders of magnitudes and that in the electrolyte containing only the PIL such dissolution is practically completely suppressed. Taking these results into account, it is therefore possible to affirm that mixtures of TFSI-based PILs and PC might also display the ability to suppress the anodic dissolution of Al. As for the mixtures containing AILs, such ability strongly relates to the amount of ILs present inside the mixture.
Lithium-ion coordination
In the past, several studies showed that in electrolytes containing TFSI-based AILs, e.g. PYR 14 TFSI, and LiTFSI, strong interactions between the anion TFSI À and the lithium ions are taking place. At the same time, due to the sterical shielding of the IL cations, the interactions between the cations of the ILs and TFSI À anions are very weak. [45] [46] [47] In a recent work we showed that in the case of electrolytes containing TFSI-based PILs the ion-ion interactions are considerably different compared to those of AILs. 20 As a matter of fact, due to the occurrence of interactions between the cation of the PIL and the anion, the TFSI À ions are coordinated by both, the lithium ions and the cation of the IL. As a result of this sort of ''competition'' for the coordination of the TFSI À anion, in the case of equal lithium ion concentration, the lithium coordination number in PIL-based electrolytes is always lower than that of AIL-based electrolytes.
As mentioned in the introduction, the use of mixtures of AILs and PC is becoming a popular strategy for the realization of advanced IL-based electrolytes. Recently, we investigated the lithium coordination in mixtures of PC and PYR 14 TFSI having a fixed amount of LiTFSI. We showed that in these mixtures the lithium ions are coordinated with both, the PC and the TFSI À anions. Nevertheless, the result of this investigation indicated that the lithium ions are preferentially coordinated by the PC solvent and in diluted electrolytes, meaning electrolytes with low concentration of PYR 14 TFSI, most of the lithium ions are coordinated by PC. 29 To the best of our knowledge, no data are available about the lithium coordination in mixtures of PILs and PC. Nevertheless, taking into account the findings reported above, such investigation appears certainly of interest. Therefore, we carried out a preliminary investigation of the Li + solvation in the considered electrolytes taking advantage of Raman spectroscopy. As reported in the literature, Li + coordination by TFSI À anions can be investigated by analysing the strong band at ca. 742 cm À1 . [45] [46] [47] This band, which corresponds to the expansion and contraction of the whole TFSI À anion, is known to shift to higher wavenumbers upon coordination of TFSI À to Li + . [45] [46] [47] Due to the relatively small energy difference of this band between the non-coordinated and coordinated TFSI À , the band representing coordinated TFSI À is often only visible as a shoulder. [45] [46] [47] Fig . 6 compares the Raman spectra in the region of this TFSI À band of all electrolytes investigated in this study. The contributions of coordinated and non-coordinated TFSI À were calculated via the deconvolution of the peak and are also shown in the graphs. As clearly visible, the contribution of TFSI À to the coordination of Li + decreased upon substitution of PYR H4 TFSI by PC. The same trend was also observed for mixtures of PC and the AILs. 29 To quantify this change in coordination, coordination numbers have been calculated for all the electrolytes using the equation (eqn (3)). 29 Fig. 7 shows the average numbers of TFSI À anions coordinating one Li + cation in the different electrolytes dependent on Table 3 Charge densities recorded at the end of the corrosion experiment for each electrolyte investigated in this study
PC content/wt%
Charge density/C cm À2 H4_0 0.018 H4_20 0.035 H4_50 11.43 H4_80 27.24 H4_100 277.5 Fig. 6 Raman spectra of the investigated electrolytes in the wavenumber range between 760 and 730 cm À1 . The colored lines represent the measured data, the circles represent the fitted curve and the grey lines the two individual fitted peaks for coordinated and non-coordinated TFSI À anions. the amount of PC. It is important to mention that the number of TFSI À anions (n) per Li + cation derived from the Raman measurements should only be considered as average number. The complexity of Li + solvation in liquid electrolytes is high and most likely different complexes are formed inside the solvent. 29 Nevertheless, the trend indicated in Fig. 7 can be seen as a useful indication of the variation of the Li + coordination upon PC addition into the electrolyte. As shown, the value of n in the solvent-free electrolyte was ca. 1, in agreement with the value already reported for PYR H4 TFSI. 20 It is important to remark that such a value is significantly lower than those observed for the PYR 14 TFSI (which is in the order of 2). As mentioned above, the ''competition'' between the lithium ions and the cation for the coordination of the TFSI À ions is responsible for such a low (compared to AIL) coordination number. In the solution without PIL, no contribution of TFSI À to the coordination of Li + was found. Also this value is in agreement with the results available in the literature. 29, 48 The mixtures of PC-PYR H4 TFSI showed decreasing n with increasing PC weight fraction of the electrolyte. When the PC weight fraction was 0.2 and 0.8 the value of n was 0.8, and 0.3, respectively. As shown in Fig. 6 , together with the decrease in n, the peak representing TFSI À coordination to Li + shifted to smaller wavenumbers. This indicates that not only fewer TFSI À anions are present in the Li + solvation shell of the mixtures, but also that a weakened interaction of the remaining TFSI À anions and Li + is taking place. This behaviour was also reported for mixtures of PC and PYR 14 TFSI. Nevertheless, it is very interesting to notice that the decrease of n upon addition of PC seems to follow a different trend in PIL and AIL. In our previous investigation we showed that in mixtures of PC and PYR 14 TFSI containing a PC weight fraction of 0.2, n was reduced already 50% compared to the solvent free electrolyte. When a PC weight fraction of 0.8 was considered, the reduction was above 90%. 29 As shown in Fig. 7 , in the investigated mixtures such reduction does not appear so dramatic. As a matter of fact, in mixtures containing a PC weight fraction of 0.2, n was reduced of ca. 20% compared to the solvent free electrolyte. When a PC weight fraction of 0.8 was considered, the reduction was ca. 70%. 29 As mentioned above, the trend indicated in Fig. 7 can only be seen as an indication of the variation of the Li + coordination upon PC addition into the electrolyte. Nevertheless, these results seem to indicate that the interactions between the cation and anion in PILs not only have an effect on Li + coordination in solvent-free electrolytes, but they also affect the coordination between the PC and the Li + . It is reasonable to suppose that the proton of the pyrrolidinium-based cation might interact with the PC molecule and that such interaction might in turn affect the coordination between PC and Li + . Further investigation about PIL and PC is certainly necessary, but as they are beyond the aim of this work they will not be considered further. Nevertheless, taking into account the results of the investigation, it appears that the coordination of Li + by TFSI in mixtures of AIL-PC and PIL-PC might be different due to the different ion-ion interaction taking place in these ILs.
Electrochemical characterization
As mentioned in the introduction, in a recent work we showed that the use of PIL-based electrolytes (solvent-free) results in a much higher performance, particularly during test at high current densities, compared to the ''traditional'' AILs. 19 At the same time, many reports showed that also the use of mixtures of organic carbonates-AIL represents a promising strategy for the realization of advanced IL-based electrolytes. 24, 30, 33, 34 Taking these points into account, it is reasonable to suppose that mixtures containing PC and PIL could also represent a very interesting class of electrolytes for the realization of high performance LIBs.
In order to verify this point, we tested the behavior of LFP electrodes in combination with mixtures of PC-PYR H4 TFSI at different current densities, ranging from 1 C to 50 C, at 30 1C. For comparison, the electrolyte containing only PC and the solvent-free electrolyte have also been tested under the same conditions.
As shown in Fig. 8 , the electrodes cycled in the solvent-free electrolyte display the lowest performance at all investigated C-rates. This behavior has been already reported in the literature and it is, therefore, not unexpected. Nevertheless, it is important to notice that the capacity delivered by the electrode in the PIL-based electrolyte is significantly higher than that observed for the same type of electrodes in AIL-based electrolytes, e.g. containing PYR 14 TFSI (ca. 40 mA h g À1 at 1 C). 30 This result confirms the advantage related to the use of PIL-based electrolyte during test at a high C-rate. As shown, the addition of 20 wt% of PC leads to a significant enhancement of the electrode capacity.
As a matter of fact, at 1 C the electrode used in combination with the solvent-free electrolyte delivers a specific capacity of ca. 95 mA h g À1 , while the one cycled in H4_80 shows a capacity of 135 mA h g À1 . At 5 C, the difference between the two electrodes becomes even more marked as the delivered capacity was 100 mA h g À1 and 50 mA h g À1 in H4_80 and H4_100, respectively. Very interestingly, the use of mixtures containing 50 and 20 wt% of PYR H4 TFSI allowed the achievement of performance practically identical of those possible with conventional electrolytes. As shown in the figure, when these electrolytes were used, the capacities of the LFP electrodes at 1 C were in the order of 140 mA h g À1 . At a current corresponding to a rate of 10 C, all electrodes delivered a specific discharge capacity of more than 100 mA h g À1 . At the highest considered current (corresponding to 50 C) the electrodes cycled in these three electrolytes still deliver nearly 50 mA h g À1 . Taking this performance into account, the use of mixtures of PIL and PC can certainly be considered as a very promising strategy for the realization of high performance LIBs. To the best of our knowledge, this is the first example of IL-based electrolytes, with a content of 50 wt% of IL, able to match the performance achievable with conventional electrolytes up to 50 C. As shown in the previous section, the mixture H4_50 displays conductivity and viscosity comparable with those of conventional electrolytes. However, because of its relatively high IL content, it displays a reduced kinetic of the PC evaporation and an improved behavior in terms of suppression of anodic dissolution of Al compared to the conventional electrolyte. Thus it can be considered as a very promising electrolytic solution.
An aspect of particular interest on the use of mixtures of PC and PIL is related to the amount of IL inside the electrolyte. In the past several reports indicated that in the case of mixtures of PC-AILs a large amount of PC is needed to reach the performance of a conventional electrolyte, thus reducing the safety of these electrolytes. The results reported above indicate that in the case of mixtures of PIL and PC it is possible to achieve very high performance also when a large amount of ILs are present inside the solution. Taking this point into account, the use of mixtures of PIL and PC appears to be of great interest not only because it results in high performance, but also because it might improve the safety of these types of electrolyte mixtures.
Anode materials have so far not been tested with these mixtures, but in previous work we showed, that also typical anode materials like graphite or LTO can be cycled successfully with pure PILs. 15, 18 Finally, the cycling stability of the investigated electrodes was also investigated using a current density corresponding to 1 C. In this case, we selected 4 electrolytes: H4_0, H4_20, H4_80 and H4_100. As shown in Fig. 9 , all electrodes displayed an initial capacity comparable with those observed during the C-rate test, which was practically maintained over 1000 cycles. For all electrodes, the coulombic efficiency of the charge-discharge process was close to 100% for all tests. Considering these results, it is evident that the use of mixtures of PC-PYR H4 TFSI allows the realization of electrodes with both, high performance and high stability during test at relatively high current density.
Conclusions
Mixtures of PC and PILs are interesting electrolyte candidates for LIBs. In this work we investigated mixtures of PC and PYR H4 TFSI and we showed that these electrolytic solutions might display conductivity and viscosity comparable to those of conventional electrolytes. Furthermore, depending on the amount of PIL present inside the mixtures, such mixtures might also display the ability to suppress the anodic dissolution of Al.
We showed that the interactions between cations and anions in PILs have not only an effect on Li + coordination on solventfree electrolytes, but they also affect the coordination between the PC and the Li + in these mixtures. As a consequence of these interactions, the coordination of Li + by TFSI in PIL-PC mixtures appears to be different than that of mixtures of AILs-PC.
When used in combination with a battery electrode, e.g. LFP, these mixtures allow the achievement of high performance.
Using mixtures of PC and PYR H4 TFSI containing 50 wt% of IL it is possible to match the performance achievable with conventional electrolytes up to 50 C. Furthermore, the use of these innovative electrolytes also provides an excellent cycling stability.
In the past several reports indicated that in the case of mixtures of PC-AILs a large amount of PC is needed to reach Fig. 8 Variation of the specific capacity of LFP electrodes used in combination with the electrolytes investigated in this work. The tests were carried out at 30 1C using C-rates ranging from 1 C to 50 C. Fig. 9 Long term cycling stability of LFP electrodes in combination with the electrolytes H4_20, H4_80 and H4_100. The test has been carried out at 30 1C using a charge-discharge rate corresponding to 1 C. the performance of a conventional electrolyte, thus reducing the safety of these electrolytes. The results of this study show that using mixtures of PIL and PC it is possible to achieve very high performance also when a large amount of ILs are present inside the solution. Taking this point into account, mixtures of PIL and PC can be considered as very promising electrolytes for the realization of safe and high performance LIBs.
